The aim of this study was to compare the effects of a new organic Se [2-hydroxy-4-methylselenobutanoic acid (HMSeBA)] with routinely used mineral and organic Se sources (sodium selenite and selenized yeast) on chosen performance criteria and Se deposition in egg and muscle of laying hens. A total of 240 laying hens (40 wk of age) were randomly assigned to 6 treatments for 56 d with 8 replicates of 5 hens per replicate. The 6 treatments were as follows: control group received basal diet without Se supplementation; the second, fourth, and sixth experimental groups (SS-0.2, SY-0.2, and HMSeBA-0.2, respectively) were fed basal diet supplemented with Se at 0.2 mg/kg from sodium selenite, selenized yeast, and HMSeBA, respectively; and the third and fi fth experimental groups (SY-0.1, and HMSeBA-0.1, respectively) were fed basal diet supplemented with Se at 0.1 mg/kg from selenized yeast and HMSeBA, respectively. No difference was observed among dietary treatments on feed intake, egg weight, and laying rate. All hens fed the Se-supplemented diets exhibited greater total Se contents in their eggs compared with control hens (P < 0.01). The egg Se concentrations were greater in hens fed organic Se (HMSeBA-0.2, P < 0.01, and SY-0.2, P < 0.01) than those fed the SS-0.2. In addition, hens fed the diet with HMSeBA-0.2 accumulated more Se in their eggs (+28.78%; P < 0.01) and muscles (+28%; P < 0.01) than those fed the diet supplemented with SY-0.2. These results showed the greater ability of HMSeBA to increase Se deposition in eggs and breast muscle of laying hens, which can subsequently lead to greater supply of Se for humans.
INTRODUCTION
Selenium has been recognized as a nutritional essential trace element that is important in many biological processes in mammals and birds (Holben and Smith, 1999; Surai, 2000) . It has a crucial role in embryonic and postnatal development (Surai, 2000; Fortier et al., 2012) , immunity, reproduction, antioxidant system (Choct et al., 2004; Juniper et al., 2011) , and muscle function (Ruan et al., 2012; Zhang et al., 2012) and is known as a natural antioxidant (Surai, 2002) . In poultry as well as in other animal species, Se can be added to diets through its mineral or organic forms, which represent the crucial factor that determines its metabolic fate (Suzuki, 2005) .
Sodium selenite (SS) constitutes the traditional source of supplemental Se in animal diets (Surai, 2006) . Organic Se sources have been developed through selenized yeast (SY) with Se in the form of selenomethionine (Surai, 2006) . Regardless of Se source, the maximum amount of supplemental Se that can be added to animal diets is limited to 0.3 mg/kg of diet in the United States (FDA, 2004) whereas in the European Union, the maximum content of total Se allowed in animal diets is 0.5 mg/kg of diet (EFSA, 2012) . Therefore, faced with the ability to add limited quantities of Se added to animal diets, several researchers have started to look for other alternative sources of Se to substitute for the inorganic Se because of its low bioavailability Petrovič et al., 2006) and high toxicity (Spallholz, 1994; Kim and Mahan, 2001) . Recently, several studies have been performed to evaluate the effects of SY supplementation on livestock species and poultry (Mateo et al., 2007; Čobanová et al., 2011; Speight et al., 2012) . Most of these studies have reported that this organic Se source was a more effi cient Se supplier than a mineral source such as sodium selenite. Recently, a new organic Se source based on the 2-hydroxy-4-methylselenobutanoic acid (HMSeBA), which can be assimilated to hydroxyl-analog of selenomethionine, has been developed and its high dietary effi cacy has been demonstrated in broiler chickens (Briens et al., 2013) .
In the present study, we examined the relative bioavailability of HMSeBA compared with other Se sources used in animal nutrition, selenized yeast and sodium selenite, as measured by the Se concentration of eggs. Moreover, the effects of various Se sources and doses on chosen performance criteria and egg indices were also determined in laying hens.
MATERIALS AND METHODS
All experiments were conducted according to the European Union Guidelines of Animal Care and legislation governing the ethical treatment of animals, and investigators were certifi ed by the French government to conduct animal experiments. The authorization 37-175-1 was issued to Pôle d'Expérimentation Avicole de Tours (Nouzilly, France) by the French Ministry of Agriculture.
Birds and Experimental Design
A total of 240 laying hens (40 wk, ISA Brown; Hubbard, Ploufragan, France) were used in this experiment. Layers were randomly allocated to 1 of 6 treatments with 8 replicate cages with 5 birds per cage (660 cm 2 /bird) equipped with a feed trough and nipple drinkers. All birds were housed in a conventional poultry house (INRA, UE1295 Pôle d'Expérimentation Avicole de Tours, Nouzilly, France) for a period of 56 d. Six treatments were as follows: control group received basal diet without Se supplementation; the fi rst, third, and fi fth experimental group (SS-0.2, SY-0.2, and HMSeBA-0.2, respectively) were fed basal diet supplemented with 0.2 mg Se/kg of diet in the form of SS (Microgan Se 1% BPM; DSM Nutritional Product AG, Basel, Switzerland), SY (Sel-Plex2000; Alltech, Nicholasville, KY), and HMSeBA (Selisseo; Adisseo, Antony, France), respectively; and the second and fourth experimental groups (SY-0.1 and HMSeBA-0.1, respectively) were fed basal diet supplemented with 0.1 mg Se/kg of diet (Table 1 ). All hens were given ad libitum access to water and feed. The temperature was maintained at 22°C and lighting program was fi xed to 16 h light/8 h dark throughout the experimental period.
Laying Hen Performance Criteria and Egg Indices Determination
Egg production was recorded daily for each pen whereas egg weight was determined 3 times a week. Average feed intake, laying rate, and feed effi ciency (FE) were monitored weekly during the whole experimental period. At the beginning and on d 2, 4, 6, 8, 14, 28, 54, 55, and 56, 48 Elancourt, France) fi tted with a 50 N load capture at compression speed of 5 mm/min. Additionally, 16 eggs obtained from SY-0.2 and HMSeBA-0.2 treatments were randomly collected at the beginning of the d 8 and 14 of the experimental period for total Se analysis. Forty-eight eggs (8 eggs per treatment and 1 egg per each replicate cage) were randomly collected on d 54, 55, and 56 for total Se analysis. Moreover, at the end of the experimental period, 8 hens from SY-0.2 and HMSeBA-0.2 treatment were chosen at random (1 hen per each replicate cage) and slaughtered after 7 h of feed withdrawal. About 100 g of left pectoralis major muscle was removed, immediately frozen in liquid N, and stored at -20°C until analyzed.
Diet, Egg, and Muscle Se Analysis
Total Se concentrations in feed, egg, and muscle samples were determined according to the method previously described by Vacchina et al. (2010) with slight modifi cations. Briefl y, approximately 1 g of feed sample was mineralized in a mixture (2:1,vol/vol) of HNO 3 (69 to 70%) and H 2 O 2 (35%) at 85°C for 4 h within a closed vessel heating block system (DigiPrep; SCP Science, Courtaboeuf, France). For egg and muscle samples (previously lyophilized and mixed before analysis), the mass uptake was reduced to 250 mg and then digested by a mixture (2:1, vol/vol) of HNO 3 (69 to 70%) and H 2 O 2 (35%). The solution was further diluted with water and total Se content was subsequently measured by inductively coupled plasma mass spectrometry (Agilent 7500cx; Agilent, Tokyo, Japan). All values were calculated on a DM basis.
Calculation of Se Transfer Effi ciency and its Bioavailability in Egg
Feed intake, egg weight, and egg Se concentrations were used to determine the Se egg output as well as the Se transfer effi ciency for SY-0.2 and HMSeBA-0.2 treatments by using these equations: 1) Se egg output (μg) = egg Se concentration × DM egg content weight, assuming that the DM egg content is 24% of total egg weight, and 2) Se transfer effi ciency (%) = (Se egg output/Se feed intake) × 100.
The bioavailability of Se from HMSeBA relative to SY was calculated according to Finney (1971) by using 5 point slope ratio design: Control, SY-0.1, SY-0.2, HMSeBA-0.1, and HMSeBA-0.2. As suggested by Littell et al. (1997) a nonlinear model was fi tted to the data using the NLIN procedure (SAS Inst. Inc., Cary, NC). The model was as follows:
in which egg Se concentration is the content of Se in egg (in mg/kg of dry product), a is the intercept, a 0 × X 0 is a correction for the Control diet, HMSeBA dose and SY dose are the Se amounts added to hen diets from HMSeBA and SY, respectively, bS is the slope for the effect of SY on the response, and bTS is the ratio between bT (the slope for the effect of HMSeBA) and bS. This allows an estimate of the relative biological value (i.e., the ratio between slopes bS and bT) and its confi dence interval (CI) to be obtained directly.
Statistical Analysis
All data were analyzed using SAS. The accepted type I error was 5%. The effects of treatment, period, and their possible interactions were analyzed in relation to feed intake, egg weight, egg mass, laying rate, FE, and eggshell strength using repeated-measures 2-way ANOVA (GLIMMIX procedure). The period was added to the model as a repeated factor with the cage as the subject. For Se variables, the treatment effect, which is a combination of Se sources and levels, were analyzed using GLM procedure. Comparisons of means for each signifi cant effect were performed by Tukey's test using the least square mean statement. Data are presented as means ± SEM or SD.
RESULTS
The Se content in each diet is summarized in Table 2 . The results showed that the expected Se levels were confi rmed in control and experimental diets by Se analysis.
Laying Hen Performance Parameters and Egg Indices
The main effects of treatment (Se source and level) on performance criteria are summarized in Table 3 . Feed intake, egg weight, egg mass, and laying rate were not affected by dietary treatments. These criteria evaluating the laying hen performance were not infl uenced neither by the Se sources (inorganic vs. organic form) or within the organic source (SY vs. HMSeBA) nor by the Se supplementation levels (0.1 vs. 0.2 mg Se/kg). Conversely and regardless of the dietary treatments, the experimental period affected all performance criteria studied especially egg mass and FE (P < 0.01) and laying rate (P < 0.01). An interaction between dietary treatment and experimental period (P = 0.01) was observed for FE because of statistically signifi cant effect of dietary treatments (P < 0.01) during the fi rst week of the experimental period. Indeed, both treatments with the organic Se sources at 0.1 mg/kg of diet showed an improvement of the FE compared with SS treatment at 0.2 mg/kg of diet. The other treatments had intermediate FE but the HMSeBA-0.2 group tended to be lower (P = 0.08) than those hens supplemented with SS at the same level of Se. No treatment effects (source and dose of Se) were observed on the eggshell breaking strength (P = 0.10). In contrast, this measurement used to evaluate shell quality was affected by the sample day (P < 0.01). Moreover, the polynomial contrast analysis revealed that period exert a linear effect on the feed intake, egg mass, laying rate, FE, and eggshell breaking strength (P < 0.05).
Selenium Concentrations in Eggs and Muscles
No interaction was detected on the average total Se content between dietary treatments and sampling day during the last 3 d of experiment (Fig. 1) . Total Se concentrations measured in eggs from the hens supplemented with Se were greater than those without supplementation (P < 0.01). At the level of 0.2 mg Se/kg of diet, Se was more effi ciently deposited in eggs from hens supplemented with SY (P < 0.05) and HMSeBA (P < 0.01) compared with those supplemented with SS. Comparing only organic Se treatments, hens fed the HMSeBA-0.2 diet exhibited greater (P < 0.01) egg Se concentrations compared with those fed the SY-0.2 diet.
Selenium content was greater (P < 0.05) in eggs from hens supplemented with HMSeBA than in those from hens provided the equivalent amount of SY for all days studied (Fig. 2A) . The results of the kinetic study showed that HMSeBA at the dose of 0.2 mg Se/kg of diet have ability to increase the Se content of eggs more effectively (P < 0.05) compared with the equivalent amount of SY. In contrast, the use of SY had no effect on the Se deposition in eggs as compared with basal level of Se ( Fig. 2A) . The Se transfer effi ciency values determined in relation to Se egg output and daily Se intake showed that the Se transfer effi ciency was greater (P < 0.01; Fig. 2B ) in birds supplemented with Se as HMSeBA at 0.2 mg/kg of diet (76.26%) than those provided the same amount of SY (56%). Moreover, breast muscle concentration of Se was greater (P < 0.01) in hens fed HMSeBA-0.2 than those fed SY-0.2 (Fig. 3) .
Bioavailability of Se in the Organic Se Sources
The results of estimating the bioavailability of Se from HMSeBA and SY sources to improve the egg Se concentration after 56 d of supplementation are presented in Fig. 4 . The slope ratio model indicated that bioavailability of HMSeBA was 28.78% (95% CI: 116.99; 140.57%) more effi cient (P < 0.01) than SY.
DISCUSSION
Our results showed that, regardless of the Se source or level or both, hen performance criteria were not affected during the whole experimental period despite the treatment effect observed on FE during the fi rst week of the experiment. This fi nding is consistent with those of numerous other studies previously conducted in laying hens (Bennett and Cheng, 2010; Scheideler et al., 2010; Pan et al., 2011) . Likewise, have reported that the hen production was not affected by Se provided by inorganic or organic sources at various levels (0, 0.15, 0.30, 0.60, and 3.0 mg/kg) of dietary Se. Similarly, several studies performed on broilers and pigs have shown that dietary Se supply had no effect on the main performance criteria such as BW, ADG, and ADFI Li et al., 2011) . Conversely, Arpášová et al. (2009) showed egg weight improvement with addition of Se at 0.4 and 0.9 mg/kg of diet as SY compared with control group or SS supplemented group during a 9-mo study. Considering those, it could be speculated that the Se supplementation levels and the relative short duration of the present study was not suffi cient to demonstrate the effects of dietary treatments on laying hen performance.
Regardless of the Se sources, the inclusion of this trace element into the diets did not adversely impact the eggshell breaking strength. Similarly, Pavlović et al. (2010) did not fi nd any effect of Se supplementation, either organic or mineral form, on egg shell quality traits, including breaking strength, index of shape, shell deformation, and thickness. Nevertheless, Arpášová et al. (2009) reported that dietary supplementation of SS or SY can lead to negative effects on some shell quality traits. Therefore, it is likely that low levels of Se used in this study (0.1 or 0.2 mg/kg), compared with those used in the Arpášová et al. (2009) study (0.4 or 0.9 mg/kg), have no effect on the use of macrominerals for shell formation, particularly Ca, well known as a crucial mineral determinant of eggshell strength (Guinotte and Nys, 1991) . It seems that our supplemented Se doses were not able to reveal the presumed effects on studied egg indices. Mohiti-Asli et al. (2008) have demonstrated that supplementation of diets of hens with Se can improve the internal egg quality such as yolk and albumen weight and quality and also decrease the susceptibility of egg yolk to lipid peroxidation during storage but without any effect on shell resistance.
The supplementation of the diet with Se led to an increase of Se concentrations in whole egg in all Setreatment groups compared with the control group. Indeed, the increase of Se in egg content through dietary supplemental Se appeared to be very consistent , and 14th day and n = 8 eggs per treatment at the 56th day of the experiment). Means within the same day: *P < 0.05 and ***P < 0.001. and was reported previously by several authors (Jiakui and Xiaolong, 2004; Utterback et al., 2005; Kralik et al., 2009; Scheideler et al., 2010; Čobanová et al., 2011) . Similarly to our results, some studies showed that eggs from hens supplemented with organic Se exhibited greater Se content than those from hens treated with inorganic forms Utterback et al., 2005; Kralik et al., 2009; Bennett and Cheng, 2010) . Our results confi rmed the greater ability of organic Se sources (SY and HMSeBA) to increase egg Se content than SS at the same dietary dosage. This result is probably due to differences in metabolic pathways between inorganic and organic Se forms (Suzuki, 2005) . Inorganic forms of Se can lead to production of selenocysteine, which is incorporated specifi cally into selenoproteins, and not to de novo synthesis of selenomethionine whereas both organic Se source used in our study can leads to production of selenomethionine as well as selenocysteine (Briens et al., 2013) . The cell can nonspecifi cally incorporate selenomethionine into the structural proteins when synthesized (Schrauzer, 2001 (Schrauzer, , 2003 Navarro-Alarcon and Cabrera-Vique, 2008) and thus increase the Se deposit in all tissues (Surai, 2002) . Moreover, the absorption mode of both Se forms appeared different, leading to lower apparent digestibility of inorganic sources than organic sources as reported in our previous study with broilers (Briens et al., 2013) and reported by other authors (Choct et al., 2004; Yoon et al., 2007) .
It is well documented that the amount of Se in eggs depends on source and level of Se added (Latshaw and Biggert, 1981; Surai, 2006; Bennett and Cheng, 2010) . Similarly, in our study, the dietary organic Se forms (SY and HMSeBA) supplemented at 0.1 and 0.2 mg/kg of diet increased egg Se deposition. This result is in agreement with those previously reported in other studies only for SY (Čobanová et al., 2011) . We also demonstrated that the addition of 0.1 mg Se/kg of diet as SY or HMSeBA led to similar amounts of Se deposed into the eggs to those induced by SS at 0.2 mg of Se/kg of diet. This result is consistent with fi ndings showing that organic forms of Se are more effi cient to improve the egg Se content than its inorganic form (Paton et al., 2002; Pan et al., 2007; Čobanová et al., 2011) .
Moreover, our results showed that the eggs from hens fed HMSeBA-0.2 exhibited greater Se concentrations than those fed SY-0.2, indicating a better effi ciency of HMSeBA to deposit Se into egg than SY. In addition, bioavailability of HMSeBA was found to be 28.78% greater than SY. Interestingly, the better bioavailability of HMSeBA compared with SY appeared as early as the eighth day of supplementation. After the fi rst week of experiment, the supplementation of HMSeBA at 0.2 mg Se/kg of diet was suffi cient to demonstrate 18% greater egg Se deposition as compared with SY at same level of addition.
The total Se deposited in breast muscle also confi rmed the greater availability of Se from HMSeBA than SY. Indeed, when comparing the organic Se sources (HMSeBA vs. SY), the muscles of hens fed HMSeBA-0.2 showed 28.05% more Se deposited than those fed SY-0.2 treatment. Similarly, Pan et al. (2007) reported that SY led to greater egg and tissue (e.g., spleen and muscle) Se concentration than SS in a dose dependent manner. Similarly, Briens et al. (2013) observed 39% greater relative bioavailability of Se from HMSeBA for muscle Se deposition in broilers than those from SY. Hence, it could be assumed that the relative bioavailability of both organic Se sources is not different between broilers and layers although a whole Se balance study will be needed to confi rm that hypothesis. The 99% pure molecule of HMSeBA appeared as a probable precursor of selenomethionine (Vacchina et al., 2010) , leading to a more effi cient incorporation into proteins in egg and muscle, whereas SY contains only 54 or 74% of total Se as selenomethionine (Rayman, 2004) with upper limits because of the Se enrichment process of yeast (Schrauzer, 2006) . It seems that the chemical form of Se in these different organic sources can strongly determine the amount of Se uptake and its deposition in egg and muscle of laying hens. Cantor et al. (1975) have suggested that biological availability of dietary Se seems to depend primarily on its chemical nature rather than on its digestion or absorption characteristics in the intestine. However, some complementary studies are needed to delineate the complete metabolic pathway of HMSeBA molecule and how it is incorporated into several proteins in egg and muscle.
In conclusion, our study showed the greater ability of HMSeBA to increase the Se concentration in egg and breast muscle of laying hens than SY and SS given at the equivalent doses. However, some additional studies are needed to elucidate the absorption and metabolic characteristics of this new Se source to validate the hypothesized pathways contributing to the greater effi cacy of HMSeBA to deposit Se in egg and tissues.
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